
KINETICS O F  BITUMINOUS COAL CHAR GASIFICATION 
WITH GASES CONTAINING STEAM AND HYDROGEN 

by 

J. L. Johnson 

Insti tute of Gas Technology 
Chicago, Illinois 60616 

INTRODUCTION 

Correlat ions to  quantitatively define the effects of pertinent intensive 

var iables  on the kinetics of coal  o r  coal  char  gasification react ions a r e  
. necessary  fo r  the rational design of commercial  sys tems to  convert  coal  

to pipeline gas. 

development of such cor re la t ions  is relatively limited, particularly because 

the data reported f rom many s tudies  conducted with integral  contacting 

sys tems reflect ,  in par t ,  undefined physical and chemical behavior peculiar 

to  the specific experimental  sys tems used. Although some differential r a t e  

data have been obtained with var ious carbonaceous mater ia ls ,  they cover 

only narrow ranges of the conditions potentially applicable to commercial  

gasification systems.  

The available information, which can be applied to the 

During the last severa l  years ,  the Institute of Gas Technology (IGT) has  

been conducting a continuing study to  obtain fundamental information on the 

gasification of coa ls  and coal  chars ,  which could be used, along with selected 

information in the l i terature ,  to  develop engineering correlat ions which 

quantitatively define the e f fec ts  of intensive var iables  on gasification r a t e s  

over a wide range of conditions applicable to a variety of conceivable gasifi- 

cation processes .  

time a r e  pr imar i ly  applicable to bituminous coal cha r s  prepared at mild o r  

severe  conditions in  e i ther  i ne r t  or  oxidizing atmospheres.  

achieved some success  i n  applying these correlat ions to the gasification of 

subbituminous and lignite coals  for  limited ranges of conditions, the gasifica- 

tion kinetics of such materials have shown wide deviations f rom predictions 

of the correlat ions a t  lower tempera tures  and during init ial  s tages  of 

gasification. 

The models  and correlat ions developed a t  the present  

Although we have 
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i The objective of this paper is a )  to discuss  the models which have been 

developed; b) to present  the correlat ions derived f rom these models; and 

c) to demonstrate the consistencies between predictions of these correlations 

and various experimental  gasification data obtained pr imar i ly  with bituminous 

coal chars .  
models f rom two main sources .  

tion to the gasification of devolatilized coal char  in hydrogen and steam- 

hydrogen mixtures  was  based both on data obtained in  a n  extensive study 

conducted at IGT with a high-pressure thermobalance apparatus and on 

differential r a t e  data obtained by investigators at the Consolidation Coal 

Company for  the gasification of Disco char  in  a small-scale  fluid bed. 9 ,  ''3 l 9  

Then, the model was  extended to  apply to the gasification of char  containing 

volatile mat te r  and to gasification with gases  containing carbon monoxide, 

carbon dioxide, and methane, a s  well a s  s team and hydrogen, using data 

obtained pr imari ly  in the thermobalance study. 

We obtained the experimental  information used in developing the 
Initial development of the model for applica- 

The thermobalance has  been a particularly useful tool for  obtaining funda- 

mental  gasification information, since with this type of apparatus,  gasification 

ra tes  can be measured  at constant, well-defined, environmental conditions. 

Since a major  amount of the information used i n  the formulation of the kinetic 

models developed, was based on data obtained in  severa l  hundred tes ts  con- 

ducted with the thermobalance,  a brief description of this apparatus i s  given 

below. 

EXPERIMENTAL 

The thermobalance is an apparatus  capable of continuously weighing a coal 

sample which i s  undergoing reaction in a gaseous environment of desired 

composition at a constant pressure .  The temperature  can  ei ther  be kept 
constant o r  var ied.  

a t  IGT. ) The nature  of gas-solid contacting with the apparatus  used in this 

study i s  shown in  Figure 1. 

of a wire-mesh basket bounded on the inside by a hollow, s ta inless-s teel  tube 

and on the outside by a wire  mesh  screen.  

t ransfer  between the bed and its environment, the thickness of the bed is only 

2 - 3  particle d iameters  when using -2Ot40 USS s ieve-size  particles.  Gas flow 

ra tes  used with this system a r e  sufficiently la rge  relat ive to gasification r a t e s ,  

that gas  conversion i s  limited to  l e s s  than 1 '% for  devolatilized coal char .  

(10 "F /min  i s  the maximum ra te  fo r  the apparatus used 

The coal sample i s  contained in  the annular space 

To facil i tate mass and heat 
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Figure 1. DLAGRAM OF THERMOBALANCE REACTOR 

The following i s  a typical t e s t  procedure: The wire  mesh  basket is 

initially in an upper cooled portion of the reac tor  in which a downward, iner t  

gas  flow is maintained. 
conditions a r e  established in a lower heated portion of the reac tor  in the 

presence of a flowing gas. A t e s t  is initiated by lowering the basket into 

the heated reaction zone, a procedure which takes  5 - 6  seconds. 

computation indicates that about 2 minutes a r e  required for  the sample to 

achieve reac tor  temperature ,  a s  measured by severa l  thermocouples 

surrounding the basket in the reaction zone. 

corroborated by various kinetic indications and by the behavior of the thermo- 

couples in reattaining their  p re se t  temperatures .  

heated portion of the reac tor  fo r  the specified time while its weight is con- 

tinuously recorded.  

upper, cooled portion of the reac tor .  

During this time the desired temperature  and p res su re  

Theoretical 

This computation i s  reasonably 

The sample is kept in the 

The tes t  is terminated by raising the basket back to the 

/ 

230 



\ 

During a test, the dry feed gas flow ra t e s  a r e  measured by orifice me te r  

and the dry product gas flow ra t e s  by a wet-test me te r .  

of product gas a r e  taken to determine the dry gas '  composition by m a s s  
spectrograph. Feed and product s team flow r a t e s  are measured by gravi- 

me t r i c  means, and the solids residues a r e  analyzed for  total  carbon and 
hydrogen. 

Periodic samples 

Figure 2 shows some typical, smoothed, weight loss-ver sus-time charac-  
ter is t ics  obtained using an air-pretreated hvAb Pittsburgh coal char f rom the 

Ireland mine. These curves a r e  discussed i n  m o r e  detail in a subsequent 
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Figure 2 .  TYPICAL WEIGHT-LOSS CURVES OBTAINED WITH THE 
HIGH-PRESSURE THERMOBALANCE FOR GASIFICATION O F  

AIR-PRETREATED IRELAND MINE COAL CHAR IN 
HYDROGEN AND IN NITROGEN 

section of this paper. 

in the experimental study, i s  given in Table 1. 

The composition of the coal char,  used extensively 
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Tehls  1. COMPOSITION O F  AIR-PRETREATED hvAb 
PITTSBURGH NO. 8 COAL CHAR (Ireland Mine) 

Ultimate Analysis, d ry  

Carbon 

Hydrogen 

Oxygen 
Nitrogen 

Sulfur 

Ash 

Total 

Proximate Analysis, 

Fixed Carbon 

Volatile 

Ash 

Total  

wt % 

7 1 .  1 

4 . 2 6  
8. 85 
1 . 2 6  
3 . 6 4  

10.89 

100.00 

6 0 . 7  
2 8 .  4 

10.9 

100.0 

DESCRIPTION O F  KINETIC MODELS 

'When a coal o r  coal char  containing volatile ma t t e r  is initially subjected 

to an elevated temperature,  a s e r i e s  of complex physical and chemical changes 

occur i n  the coal ' s  s t ructure  accompanied by thermal  pyrolysis reactions, 

which resul t  in devolatilization of certain coal components. 

of the evolved products of the reactions,  which initiate a t  l e s s  than 700 OF and 

can be considered to occur a lmos t  instantaneously at temperatures  greater  

than 1300 "F. is generally a function of the temperature ,  p re s su re ,  and gas  

composition existing during devolatilization and of the subsequent thermal  and 

environmental history of the gaseous phase (including entrained liquids) pr ior  

to quenching. 

The distribution 

When devolatilization occurs  i n  the presence of a gas containing hydrogen 

a t  a n  elevated p res su re ,  in addition to thermal pyrolysis reactions, coals o r  

coal chars  containing volatile ma t t e r  a lso exhibit a high, although transient, 

reactivity f o r  the formation of methane. 

suggested that this  process  occur s  concurrent with thermal  pyrolysis reactions, 

Although some investigators have 
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resu l t s  of studies made with a grea te r  time resolution indicated that this 

rapid-rate methane formation occurs  at a r a t e  which is at leas& an o rde r  of 

magnitude slower than devolatilization. 7 r  '' In this  sense it occurs consecu- 

tively to devolatilization. 

The amount of carbon gasified to methane during the t ransient  period of 

high reactivity increases  significantly with increases  in hydrogen par t ia l  

pressure.  7 9  1 3 8  l7 Experimental  evidence indicates that, at sufficiently high 

hydrogen par t ia l  p re s su res ,  virtually all of the carbon not evolved during 

devolatilization can be gasified to  methane during a very  short  t ime period 
by this process .  l3 

that only a limited amount of carbon can be gasified in  this reaction stage, 

regardless  of the hydrogen par t ia l  p ressure .  3,  l6 

This is contrary to some proposed models, which assume 

At temperatures  grea te r  than 1700 "F, the t ransient  reactivity for rapid- 

ra te  methane formation ex is t s  for a very  shor t  period of t ime. 

or  coal chars  prepared in  iner t  a tmospheres ,  this period l a s t s  only seconds 

o r  less .  l3  IGT's  studies suggest that fo r  a i r -pre t rea ted  coal chars ,  this 

period is m o r e  extended, although the total  amounts of carbon which can be 

gasified by this process  at a given tempera ture  and hydrogen par t ia l  p ressure ,  

a r e  comparable for  coals and coal cha r s  prepared at sufficiently low tempera-  

tu res  either in iner t  gas o r  in  a i r .  

For  coals, 

After the devolatilization and rapid-rate  methane formation s tages  a r e  

completed, char gasification occurs  a t  a relatively slow rate,  and various 

models to descr ibe the gasification kinetics of this mater ia l  for various 

limited ranges of conditions have been proposed. 

reaction of devolatilized coal chars  are a function of temperature ,  p ressure ,  

gas  composition, carbon conversion, and "prior history.  ' I  

General Assumptions in the Development of Models 

The differential ra tes  of 

The models developed in this study for  the quantitative description of coal 

char  gasification kinetics assume that the overa l l  gasification process  occurs  

in  three  consecutive stages:  

mation, and 3 )  low-rate gasification. The react ions in these three s tages  are  

independent. Further ,  a feed coal char  contains two types of carbon, volatile 

carbon and base carbon. 

1 )  devolatilization, 2 )  rapid-rate  methane for -  
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Volatile carbon can be evolved solely by thermal  pyrolysis, independent 

The distribution of evolved products derived f r o m  of the gaseous medium. 

the volatile carbon fract ion i s  not defined in the model. 

of the model to  a n  integral contacting system, the devolatilization products 

a r e  estimated by extrapolation o r  interpolation of yields obtained in pilot- 

scale  fluid o r  moving-bed sys tems.  

narrow ranges of conditions and only for  very  similar contacting systems. 

In any application 

This procedure can be applied for 

Base carbon remains in the coal  char  af ter  devolatilization is complete. 

This  carbon can be subsequently gasified either in the rapid-rate  methane 

formation stage o r  in the low-rate  gasification stage. 

A quantitative estimation of t he  init ial  amounts of volatile and base carbon 

i s  made f rom standard analyses  of the feed coal char .  

tion has  been made: 

Cv (volatile carbon), g /g  of feed coa l  = C (total carbon), g /g  of feed coal 

The following defini- 

0 

t 
0 - Cb (base carbon),  g /g  of feed coal (1) 

where  Co represents  the total  carbon in the feed coal char t 
ult imate analysis  

of the feed coal  a s  determined in  a proximate analysis.  

C i  does not equal the fixed carbon fraction, since the fixed carbon fraction 

includes, in  addition to  carbon, other  organic coal  components not evolved 

during s tandard devolatilization. 

obtained f rom a n  

and Co r ep resen t s  the carbon i n  the "fixed carbon" fraction b 
It is emphasized that 

Experimental  resul ts  f r o m  thermobalance o r  free-fall  t es t s  conducted a t  

IGT indicate that the assumption of a constant volatile carbon fraction is valid 

for  coal heat-up ra tes  a s  high a s  200 "F/s.  However, other studies conducted 

with extremely rapid heat-up r a t e s  ( l o 4  to l o 7  "F/s)  have shown that quantities 
of carbon evolved during thermal  pyrolysis  can exceed the volatile carbon 

fract ion defined in  this model. b *  

carbon would, therefore,  have to  be made in  sys tems employing such high 
heating ra tes .  

An allowance fo r  the increase in  evolved 

The base  carbon conversion fraction, X, is defined a s :  

c; - Cb 

c;: 
= base carbon gasified - 

base carbon in  feed coal  char  - 
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where 

\ 

C = base carbon in  coal char a t  an  intermediate level of 
gasification, g / g  feed coal char 

When making a kinetic analysis of the thermobalance data, it was neces- 

s a ry  to re la te  the measured  values of weight-loss fraction, AW/Wo, to the 

base carbon conversion fraction, X. When devolatilixation is complete, 
essentially all of the organic oxygen has  been gasified. 

weight loss, which pr imar i ly  resu l t s  f rom gasification of the base carbon, is 

accompanied by the evolution of a constant f ract ion of noncarbon components 

i n  the coal such a s  nitrogen, hydrogen, and sulfur. Es t imates  of an average 

value of the fraction of noncarbon components gasified along with the base 

carbon for each type of coal char  tested,  have been based on analyses  of char  

res idues obtained in  thermobalance and pilot- scale fluid-bed tes t s .  

this simplifying as  sumption, the following relationships result :  

Thereaf ter ,  additional 

With 

0 Cb = (1 - V - A ) ( l  - y )  

and 

where 

V = volatile mat te r  i n  feed coal char  (including moisture) ,  
g/g feed coal  char 

A = nongasifiable mat te r  in feed coal char  (including a s h  and some 
sulfur), g /g  feed coal char  

y = noncarbon ma t t e r  evolved along with base carbon, 
g/g base carbon evolved 

Thus, f rom Equations 2 ,  3,  and 4 - 

(AW/Wo)  - V 
1 - V - A  X =  (5) 

The resu l t s  shown in Figure 2 can be interpreted by the three  reaction 

s tages  defined above. 

Ireland mine coal char was exposed to a nitrogen atmosphere a t  a p re s su re  

of 500 psig. 

Curve A corresponds to a t e s t  i n  which a i r -pre t rea ted  

During the f i r s t  minute when the sample i s  heating up in the 
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thermobalance, the weight l o s s  corresponds to the evolution of volatile 

mat te r .  After this period, no fur ther  significant weight l o s s  occurs .  The 

total weight l o s s  of approximately 26 % corresponds closely to the volatile 
mat te r  in the feed coal char  obtained by standard proximate analysis. 

Within the context of the three  reaction s tages  defined, weight l o s s  in this 

t e s t  occurs  ent i re ly  in  the devolatilization stage, where a l l  of the volatile 
carbon has  been gasified; a l l  of the base  carbon remains in the devolatilized 

coal char. When the cha r  resulting f rom this t e s t  is then exposed to hydro- 

gen at 500 psig (curve B), the reaction of the hydrogen with base carbon to 

fo rm methane resu l t s  in fur ther  weight loss.  

place a t  a much lower rate than devolatilization, occurs  in  the low-rate 

gasification stage. With this par t icu lar  sample, there  was no reaction in 

the rap id- ra te  methane formation stage because the reactivity of the coal 

char  in th i s  stage was destroyed during prolonged exposure to nitrogen. 

This  reaction, which takes  

Weight l o s s  a s  a resu l t  of the reaction in  the rapid-rate  methane forma- 

tion stage is illustrated by curve  C, where a sample of the original coal char  

was  exposed only to hydrogen at 500 psig with no initial exposure to nitrogen. 

There is a weight loss  during the f i r s t  minute of this t e s t  which is considerably 

g rea t e r  than the corresponding weight l o s s  obtained during this period when 

the coal char  was exposed to nitrogen (curve A).  

of weight loss between curves  C and A during the f i r s t  minute, o r  so, i s  
caused by gasification of base carbon in the rapid-rate methane formation 

stage. 
initial period a r e  negligible. 

carbon gasification in the rap id- ra te  methane formation stage and in the low- 

r a t e  gasification stage occur  consecutively. 

The difference in the amount 

Weight losses  of the magnitude exhibited by curve B during this 

This  is consistent with the assumption that base 

Curve D is qualitatively similar to  curve C, except that there  is a grea ter  
weight l o s s  f rom rapid- ra te  methane formation resulting f rom the higher 

hydrogen pressure .  
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Correlations for  Rapid-Rate Methane Formation Stage 

The amount of base carbon gasified during the rapid-rate  methane forma-  

tion stage can be estimated by the base carbon conversion level, XR, ob- 

tained f rom weight loss-versus- t ime charac te r i s t ics  2 minutes af ter  a 

sample i s  lowered into the reactor .  As indicated previously, this corresponds 

to the t ime required fo r  coal heat-up. During this period negligible conversion 

occurs  in the low-rate gasification stage, although devolatilization and rapid- 

ra te  methane formation reactions should be complete at temperatures  above 

approximately 1500 "F .  

par t ia l  pressure,  P 

in tes t s  conducted at a variety of conditions: 

Values of XR have been correlated with hydrogen 
according to the following expression for data obtained 

H,' 

where 
\ 

PH2 

f R  

= hydrogen par t ia l  p ressure ,  a tm 

= relative reactivity factor  fo r  rapid-rate  methane formation 
dependent on the par t icular  carbonaceous solid. 
unity fo r  a i r -pretreated Ireland mine coal char .  ) 

(Defined a s  

o! = kinetic parameter  dependent on gas  composition and p res su re  

The value of Q in the above expression is approximately 0. 97 for  tes t s  con- 

ducted in pure hydrogen o r  in hydrogen-methane mixtures ,  and is approxi- 

mately equal to 1 . 7  for  a wide var ie ty  of gas  compositions containing s team 

and hydrogen. This parameter  will  be discussed in grea te r  detail  in a la te r  

section on the low-rate gasification stage.  It i s  of in te res t  here ,  however, 

that for  the case  where cy = 0.97, then M(X ) E - ln(1 - X ) R -  R '  
In Figure 3,  a plot of the function, M(XR), versus  hydrogen par t ia l  p ressure ,  

for a number of tes t s  conducted on the thermobalance with a i r -pre t rea ted  P 

Ireland mine coal char ,  shows the good agreement  between these data and the 

correlation fo rm given in  Equation 6.  
ably applicable to the gasification of some coals, a s  well  a s  to coal chars .  

H2 ' 

Equation 6 a l so  appears  to be reason-  
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Data obtained by Birch, & , 
fluid bed and by Hiteshue, e t  a l . ,  l o  for  the hydrogenation of a hvAL FittsburgkA 

coal  i n  a fixed bed a r e  given in F igures  4 and 5 .  

used in treating the data f rom these two  investigations have beer, previoczly 

described." It i s  of practical in te res t  that reiatively small  variations in 

values of f R  & r e  exhibited by the different mater ia l s  considered. 

smal l  degrees  of variation have ale0 been noted for  severa l  other bituminous 

coal  cha r s  tested a t  IGT using the thermobalance. 

for the hydrogenation vf Brown coal in  a 

Details of the procedures  

Simiizr 

The  gasification of base carbon in the rapid-rate  methane formation stage 

is apparently only dependent on hydrogen par t ia l  p re s su re  

pendent on the par t ia l  p r e s s u r e s  of other gaseous species  normally present  

in gasifying atmospheres .  

and i s  not de-  

This is partly indicated in Figure 3 for t e s t s  
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conducted with hydrogen-methane and hydrogen-steam mixtures ,  and has  

a lso been observed with synthesis-gas mixtures .  In a sys tem containing 

no hydrogen, no evAution of base carbon occurs  except through gasification 
in the low-rate gasification stage. In Figure 6, this effect is i l lustrated for  

t e s t s  conducted with pure steam. 
difference in the weight-loss t r a c e s  for  a sample of a i r -pre t rea ted  coal char  

initially lowered into a s team atmosphere,  and one which was devolatilized 

in nitrogen pr ior  to  being exposed to the s team atmosphere.  This behavior 

can be compared to  resul ts  shown in F igure  2 for  similar tes t s  conducted in 

hydrogen. 

After the first few minutes,  t he re  is no 
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Figure  6. WEIGHT-LOSS CURVES OBTAINED IN HIGH-PRESSURE 

THERMOBALANCE FOR GASIFICATION O F  AIR-PRETREATED 
IRELAND MINE COAL CHAR IN STEAM AND IN NITROGEN 
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Although the effects of pretreatment  temperature  on reactivity in the 

rapid-rate  methane formation stage have not been systematically studied in 

this investigation, some indication is apparent f rom the resu l t s  given i n  

Figure 7. It shows total weight losses  fo r  mater ia l s  subjected to different 

pretreatments  in nitrogen obtained after gasification of air -pretreated coal 

char in hydrogen for  1 hour. Below 1000"F, no effect of the nitrogen pre-  

t reatment  is apparent on subsequent weight l o s s  i n  hydrogen. 

temperature ,  however, the total weight l o s s  for  mater ia l s  initially exposed 

to nitrogen tends to decrease  with increasing temperature ,  and above 

approximately 1500 "F, no rapid-rate  methane formation occurs  with these 

mater ia l s .  

Above this 

The correlat ion descr ibed by Equation 6 was developed based on data ob- 

tained f rom thermobalance t e s t s  conducted above 1500 "F, where coal char  

samples were  submitted to ra ther  specific heat-up rates character is t ic  of 

the experimental apparatus  (approximately 30 O F /  s) .  

correlat ion appears  to apply for  data obtained in other  experimental sys tems 

where heat-up r a t e s  a s  high a s  200 "F/s were  employed, suggests that, 

within a limited range of heat-up ra tes ,  base carbon conversion in the rapid- 

r a t e  methane formation stage is independent of heat-up r a t e  for  f inal  tempera-  

t u r e s  grea te r  than 1500 O F .  

reaction in the rapid-rate  methane formation stage goes to completion. At 

sufficiently low temperatures ,  the amount of base  carbon conversion which 

can be attributed to rapid-rate  methane formation, is l e s s  than that which 

would be predicted by Equation 6, even for  exposure to hydrogen for per iods 

a s  long a s  1 hour. 

in Figure 7. 

The fact that this 

This conclusion only appl ies  for  the case where 

This  is apparent f rom the resu l t s  shown for  curve A 

Data obtained in a s e r i e s  of experiments conducted a t  lower temperatures ,  

such a s  those i l lustrated in Figure 7,  have been cor re la ted  using a more  

detailed model to descr ibe the rapid-rate  methane formation process  pr ior  

to the completion of this reaction. 

publication. 

te r i s t ics  of this model which rationalize the independence of total base  

This model is descr ibed in a previous 

It is of in te res t  here, however, to  point' out cer ta in  charac-  

i 
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carbon conversion in  the rapid-rate  methane formation stage f rom heating 

ra te  and final temperature  for  tes ts  conducted above 1500 "F. 

cr i t ica l  s teps  assumed in  the model re la te  to this range of conditions: 

The following 

A. -+ A* 

A* -4 B 

(9 )  
A* 

base  carbon t hydrogen- methane 

This model, which i s  qualitatively similar to one proposed by Mosely and 

Patterson, l3  assumes  that the coal char  initially f o r m s  an active intermediate,  

A,, (Equation 7 )  which catalyzes  the reaction between base carbon and 

gaseous hydrogen to  form methane (Equation 9).  
competes with a reaction i n  which A, deactivates to f o r m  the inactive species,  

B (Equation 8). 

This reaction, however, 

The following expression is assumed to  descr ibe the r a t e  of reaction in 

Equation 9: 

where 

k,(T) = rate constant dependent on temperature ,  T 

= concentration of species,  A, mol /mol  of base carbon 
NA* 

t = t ime 

The ra tes  of reactions in Equations 7 and 8 a r e  assumed to be f i r s t  o rder ,  

leading to the expression - 

NA* 
d(NA t N ) /d t  = - k2(T) * 

* 
where,  

k2(T) = r a t e  constant, dependent on temperature  

= concentration of species,  Ao, mol  /mol  base  carbon 
N A O  
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Combining Equations 10 and 11 

If, then, it is assumed that the 

leads to the expression - 

(12) 
= - f R  +$+ pH:l - X) 2h exp(-aX2) 

ratio k,(T)/k,(T) i s  independent of temperature  
and is equal to 

expression fo r  the condition a t  which a l l  of the species A. has  been converted 

to B. 

then Equation 12 can be integrated to yield the following 

X- 

M(XR) =/, ' = f R B  * NA 0 P 
0 HZ 

Comparing this expression with Equation 6 indicates that BNo 

atm-'.  

development of Equation 13,  the suggested model indicates that the amount of 

base carbon conversion to methane during the rapid-rate  methane formation 

step i s  independent of heat-up r a t e  or temperature  level when the intermediate, 

A, has  been completely deactivated. 

Correlat ions for  Low-Rate Gasification Stage 

= 0 .0092  
AO. Since no definition of the temperature  history was required in the 

F o r  pract ical  purposes, coal cha r s  undergo low-rate gasification only 
a f te r  the devolatilization and rapid-rate  methane formation reactions a r e  

completed. Resul ts  obtained with the thermobalance indicate that, a t  tem- 

pera tures  g rea t e r  than 1500"F, char  reactivity over a major  range of carbon 

conversion in the low-rate stage is substantially the same whether devola- 

tilization occurs  in nitrogen, o r  i n  a gasifying atmosphere a t  the same  

conditions. Therefore, this study t r ea t s  low-rate char gasification a s  a 

process  essentially independent of devolatilization conditions, with one 

important exception: The tempera ture  of devolatilization, since it has  been 

shown in this study a s  wel l  a s  by Blackwood' that the reactivity of a char  a t  

a given temperature ,  T, dec reases  with increasing pretreatment  temperature ,  

To, when T =. T. This effect is  quantitatively represented in  the correlat ions 

presented below. 

ment  effects on gasification during initial s tages  of char  gasification, which 

0 
However, the model adopted does not account for  pre t rea t -  

, 

a 
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occur particularly a t  gasification temperatures  l e s s  than 1600 OF. 
lower temperatures ,  specific pre t rea tment  conditions such as  gas  a tmos-  

phere and time of pretreatment  produce somewhat complex effects during 

subsequent gasification for  base carbon conversions of l e s s  than 10 %. 
These limitations have no pract ical  significance in using the simplified 

model developed to descr ibe coal char gasification kinetics at higher tem-  

peratures ,  o r  for  base carbon conversion levels  sufficiently grea te r  than 

At these 

10 %. 

The gasification data of Zielke and Gorin”. I9 and Goring, et., obtained 

for  fluid-bed gasification of Disco char ,  a s  wel l  a s  the bulk of data obtained 

in IGT’s studies with the high-pressure thermobalance and pilot-scale fluid 

beds, were used to  evaluate pa rame te r s  in a quantitative model developed 

to describe coal char  gasification kinetics over a wide range of conditions 

in  the low-rate gasification stage.  

occur in gases  containing s team and hydrogen: 

Three  basic  reactions were  assumed to 

Reaction I: 

Reaction LI: 
Reaction ILI: 

Reaction I i s  the conventional s team-carbon reaction, which is the only one 

H20 t C ;r C O  t €3, 

2H2 t C ;r CH, 
H, t HzO t 2C e CO t CH, 

that occurs  in pure  s team at elevated p res su res*  o r  with gases  containing 

s team a t  low pressure .  Although, at elevated tempera tures  this  reaction is 

affected by thermodynamic reversibi l i ty  only for  relatively high s team con- 

versions,  the reaction i s  severely inhibited by the poisoning effects of 

hydrogen and carbon monoxide at s team conversions far  removed f rom 

equilibrium fo r  this reaction. 

by methane. 

Some investigators have a l so  noted inhibition 

Reaction 11, the only reaction that could occur i n  pure hydrogen o r  in 

hydrogen-methane mixtures ,  great ly  depends on the hydrogen par t ia l  p ressure .  

Many investigators have found that, at elevated pressures ,  the ra te  of this 

reaction i s  directly proportional to the hydrogen par t ia l  p ressure .  

* Although some methane has  been detected in gaseous reaction products 
when gasification is conducted with pure steam, it i s  uncertain whether 
this methane resu l t s  f rom the direct  react ion of steam with carbon o r  
f r o m  the secondary reaction of hydrogen, produced f rom the s team- 
carbon reaction, with the carbon in the char .  
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The stoichiometry of Reaction III limits i ts  occurrence to sys tems in 

which both s team and hydrogen a r e  present. Although this react ion is the 

stoichiometric sum of Reactions I and 11, this model  considers  it to be a 

th i rd  independent gasification reaction. 

to occur  in  the development of this model  to  facilitate correlation of ex- 

per imental  data, has  been suggested by Blackwood and McGrory4 a s  being 

necessary  in such a system. 

t o  cor re la te  kinetic data for  gasification of lignite at 1500 "F in  steam- 
hydrogen- containing gas  e s .  

This reaction, a rb i t ra r i ly  assumed 

Cur ran  and Gorin5 also assumed this reaction 

The correlat ions developed in this study to descr ibe  kinetics in the low- 

rate gasification stage a r e  summarized a s  follows: 

dX/dt = f L  kT (1 - X)2'3 exp(-QXZ) (14) 

where, 

k = k  t k  t k '  T I I I L U  

Here ,  kI, krr, and km a r e  r a t e  constants for  t h e  individual react ions con- 

sidered. It is assumed that  each of the three  react ions occur independently, 

but that the r a t e  of each is proportional to the same surface a r e a  and surface 

reactivity terms. The term (1 - X)" is proportional to the effective surface 

are? undergoing gasification, and the t e r m  exp(--crX2) represents  the relative 
reactivity of the effective surface a rea ,  which dec reases  with increasing 

conversion level  for  positive values of CY. 

Individual parameters  in Equations 14 and 1 5  a r e  defined a s  functions of 

tempera ture  and p res su re  according to the following expressions:  

f L  = fo exp (8467/To) 

k -  1 -  (17 1 
t-16.35 

246 



exp(2.67;i - 33,076/T) (1 - ) 
1 t P exp -10.4520 t 19,97d/T) kLI = 

H2 

I I ' \  

I 

I 

kIII = 

PCH4PC0 
E l  P exp(12.4463 - 44,544/T) 

PH,PH,OKIII - / . _  

$2 

H2 H2O 
~ - 

pCH4 \ ' 
i 1  t exp(4 .6696  t 15,198/T) /P:- t 0.85PC, t 18.62 p__ 

0. 521 PH H 7. 
52.7 PH 

' 10.707P 1 + 54.3 P 
7. 

t 0. 50 P ' / 2  P 
HZO H2 H2O H2 

ff = '  

where, 

E E E  KI , KII, KIU = equilibrium constants for reactions I, II, and III, 
considering carbon a s  graphite 

T = reaction temperature,  "R 

= maximum temperature  to  which char has  been exposed 
pr ior  to gasification, "R (if To < T, then a value of 

T 

TO 

= T is used in Equation 16) 
0 

'H,' 'H20' 

'CO' CH, P = partial  p re s su res  of H2, H20,  CO, and CH,, a h  

f O  
= relative reactivity factor for  low-rate gasification 

dependent on the par t icular  carbonaceous so l id  

Values of fo obtained in this study w e r e  based on the definition f o  = 1.0 

for a specific batch of a i r -pretreated Ireland mine coal  cha r .  Samples of 

this coal char obtained f r o m  different a i r -p re t r ea tmen t  t e s t s  exhibited some 
variations in  reactivity a s  determined by thermobalance t e s t s  conducted a t  

standard conditions. The values of f so determined, ranged f r o m  approxi- 

mately 0.88 to 1. 05. 

var ie ty  of coals  and coal cha r s  have indicated that the relative reactivity 

factor,  fo, generally tends to increase with decreasing rank, although 

0 
Results of t e s t s  made with the thermobalance using a 
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individual exceptions to  this trend exist. 

which range f r o m  0. 3 for  a low-volatile bituminous coal char  to about 10 for  

a North Dakota lignite. The reactivity of the Disco char  used in gasification 

studies conducted by the Consolidation Coal Company9* 

Values have been obtained 

‘9 is fo = 0.488. 

An integrated fo rm of Equation 14 was  used to evaluate cer ta in  pa rame te r s  

in  the above correlations,  based on  data obtained with the thermobalance. 

M(X) =/, ex +cwXz dX =CR -- +Jx -- 
XR 

xR =/, t f L k T t  

The t e r m i A R  was  evaluated f r o m  Equation 6 for t es t s  in 

which no nitrogen pretreatment  w a s  used. 

char  was initially devolatilized in nitrogen at the same temperature  and 

p res su re  to be subsequently used f o r  gasification in a gasifying atmosphere,  

reactivity for  rapid-rate  methane formation w a s  destroyed above 1500 “F 
and XR = 0. 

For tes ts  in  which the feed coal 

F o r  this condition- 

X 
M(X)  =lo = fLkT t 

Typical plots of M(X) ve r sus  t a r e  given in Figures  8, 9, and 10 for  data 

obtained with a i r -pre t rea ted  Ireland mine coal char.  

drawn correspond to values  of fLkT character is t ic  of each tes t .  

t e s t s  conducted with pu re  s t eam (Figure  8) were  correlated using ~1 = 0 

consistent with Equation 20 which corresponds to the qituation in which 

specific gasification ra tes ,  , increase with a n  increasing carbon 

conversion level. 
(F igures  9 and l o ) ,  however, specific gasification ra tes  generally decrease  

with increasing conversion level. 

The slopes of the l ines  

Resul ts  of 

d x  /at  

Fo r  gasification in hydrogen o r  steam-hydrogen mixtures  
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Carbon gasification r a t e s  were  directly measured in  the fluid-bed tes ts  

and O! can be obtained conducted with Disco char ,  9 *  

graphically by plotting values of In 

illustrated in Figure I1,where the value of #(- a t  X = 0 is equal 

to fLkT 

tions presented a r e  consistent with values of fLkT and IY obtained for the 

gasification of Disco char  at temperatures  of 1600 

of 1, 6, and 30 atmospheres for  gasification with pure hydrogen and with 

various steam-hydrogen mixtures.  The correlations a r e  a lso consistent 

with individual r a t e s  of methane and carbon oxide formation reported in the 

investigations conducted with Disco cha r  for  initial levels of carbon conver - 
sion. 

were  reported to increase somewhat with increasing conversion level, 

a trend not accounted f o r  in the model developed in this study, investigators 

a t  t he  Consolidation Coal Company have suggested that this effect was 

caused by a catalytic reaction downstream of the fluid-bed reactor  em- 

ployed, in which some of the carbon monoxide produced in the reactor  was 
converted to methane. 

I9 and values of f k L T  dX/dt 

dX/dt 
ve r sus  Xz. Such a plot i s  x 13 

and the slope of a given line is equal to 01. Generally, the co r re l a -  

and 1700 "F and p r e s s u r e s  

Although the relative r a t e s  of methane to carbon oxide formation 

The consistency between the calculated and experimental values of fLkT 
for  t e s t s  conducted a t  a var ie ty  of conditions with the thermobalance using 

air-pretreated Ireland mine coal cha r  i s  demonstrated in Tables 2, 3 ,  and 
4 and in Figures  12,  13, and 14. The correlat ions developed have a l so  been 

used to predict  behavior in pilot-scale moving- and fluid-bed t e s t s  conducted 

a t  IGT and elsewhere. 

of gas-solids contacting in these integral  systems have been previously 

described. l4 The most important assumptions made for fluid-bed systems 

a r e  a)  the g a s  in the fluid bed is perfectly mixed and b) when continuous 

solids flow i s  employed, the solids a r e  in plug flow. 

systems, we assumed that  both gas  and solids were  in  plug flow. 
these simplifying assumptions, the conditions of pr imary importance i n  

The assumptions made in characterizing the nature 

For  moving-bed 

With 

252 



J' 

L- 
A .  
c 

c1 

Y 
c 
rd 
Y z 
0 

0 
rd 
0: 

U 

Y 

U 
a 
d 
2 
U 

d 

U 

-i 

-i 

L) - 
I c 
.A 

E 

c 
0 _- 

m 
m 
u 
L 

m 
a 
0 
0 

0 

W 
a 
0 
0 

0 

* 
W 

0 
I 
0 

4 

In 

\c) 
-l 

0 
0 

2 

N m m  
- 4 -  
--e 
0 0 0  

0 0 0  
. . .  

e-r- 
- 4 - 0 ' .  

-4-0 
0 0 0  

0 0 0  
. . .  

-IN* 
*G-m 
m m a  
0 0 0  

0 0 0  

. . .  
I l l  

w e e  
aaa 
m m m  

. . .  

0 0 0  m m m  
aaa 
3 4 3  

o d m m m  
m a e a r -  
0 " N W "  
00000 

0 0 0 0 0  
. . . . .  

a e a N m  
o a e m e  
. -ANN-  
0 0 0 0 0  

0 0 0 0 0  
. . . . .  

. . . . .  
0 0 0 0 0  
I 1 . 1  I I 
0 0 0 0 0  

* 
0 0 0 0 0  
0 0 0 0 0  
er -ee r -  
- 4 - d -  

+ e m 9  
e e m e  
N N N N  
0 0 0 0  

0 0 0 0  
. . . .  

d * e N  
a e m e  
N N N N  
0 0 0 0  

0 0 0 0  
. . . .  

NN-Ilnoa - e *  0 o m r ? m - l m  m - 4  N 
o - l m m m a  fua* m 
0 0 0 0 0 0  0 0 0  0 . . .  . O d O d O 0  0 0 0  0 

l noooo N-a 0 
r - l n m o o  N V -  - 
- 4 m N m e  N a v  Q\ 

0 0 0 0 0 0  0 0 0  0 . . .  . d 0 O d O  0 0 0  0 

o \ * o o o  m m o  0 
a m e m m \ o a -  
O - 4 m - N  NNO\ 03 

0 0 0 d  o d d ~ d d  0 0 0  0 
I l l 1  I I I I I  I l l  I 
0 0 0 0  0 0 0 0 0  0 0 0  0 

* * + N  

m m a m  
m m m m  

. . . .  

0 0 0 0  
l n m m l n  
e e e e  
4 - 4 4  

I 

I 

2 5 3  



. . . . . . .  
0 0 0  0 0 0 0  

. . . . . . . .  
00000000 

I 
r - C O 9  m.O* P N  0 * - \ o m  
* m O a m * m a m N m * N  
m m I - m m m m N 4 N C O * *  
4000000000000 . . . . .  
d d d d d d d d o o o o o  

9 m F r c m 4 9 0  
N 4 \ O 4 O * O P  
m a \ O m c o * * a  
00004000 

00000000 
. . . . . . . .  

m m m  m o o  
m-l*  m t - 0 0  
m 4 9  ICmoCO 
N4-4 *a*9 
000 0000 
. . . . . . .  

0 d d o d o d o d d d d d  

d d d  

1 1 1 1 1 1 1 1 1 1 1 1 1  
o o o o o o o o o o m m m  * * *  

. . . . . . . .  
00000000 

1 1 1 1 1 1 1 1  
00000000 * * *  . . .  

000 

* *  N O N  

I C O N  I t - t - m  
* m  4 * m  

I . .  I . . .  

m 
o) 

rd 
z 
F 

* * *  
0000000000000 
0000000000000 
r-I-Fbr-r-Fr-t-I-bFt- 
4 4 4 3 4 H 4 4 4 4 - 4 4 4  

* * *  
000 0000 
000 0000 
COCOm m m m m  
4-44 3 4 4 r l  

254 



\ D U ' \ D d m c l W N  \ O W -  
m o o o * m o m o  m m m  
0 0 0 0 0 0 0 0 0  O N 0  
0 0 0 0 0 0 0 0 0  000 

0 0 0 0 0 0 0 0 0  0 0 0  
. . . . . . . . . . . .  

In N + a N a H N * a * m  * 0 0 0 N * O N O  N m m  
0 00004000 O N 0  
0 0 0 0 0 0 0 0 0  0 0 0  

0 00000000 0 0 0  
. . . . . . . . . . . .  

+ o m m m 3 a c o a  m m a  + m * m N r - o m F  N O N  
N 4 - 3 N m - I N 3  N + *  

0 0 0 0 0 0 0 0 0  0 0 0  
I I I I I I I I I  1 1 1  

0 0 0 0 0 0 0 0 0  0 0 0  

. . . . . . . . . . . .  

N c o m c o + m c o o a  a m m  
m N m m 4 m m r - *  N N N  . . .  d d d d d d \ d A d  o o m  

. . . . . . . . . . . .  
0 0 0 0 0 0 C O P N  O O N  

O N m r l a 4 a  m * N F  mmC0r.m 
o ~ ~ a m r n 4 c o a ~ r - 4  0 \ 4 c o 4 +  
* 4 4 4 O V N N 4 N M 4  O m m N 4  
000000040000 0 0 0 0 0  

d d d d d d o o o o o o  0 0 0 0 0  
. . . . . . . . . . .  

0 
N N m a m a m  ocoao N V 4 O O  
p ~ * a ~ 4 a * o r n m 4  m 0 r - m ~ -  
N - I 4 4 4 m N O N 4 , 4 4  O W F N 4  
o o o o o o o + o o o o  0 0 0 0 0  . . . . . . . . . . .  d d d d d d o o o o o o  00000 

. . . . . . . . .  d d d d d d d d o o o o  0 0 0 0 0  
1 1 1 1 1 1 1 1 1 1 1 1  1 l l I I  

o o o o o o o m m m m m  o o o o o  * * * * *  . . . . .  
0 0 0 0 0  

* * * * *  _ .  .,. .,. .,. .,. 
0 0 0 0 0 0 0 0 0  0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  m o o o o o o o o  m m m  0 0 0 0 0 0 0 0 0 0 0 0  m m m m m  
m a a a a a a a a a a a  r + r - + F r - + F r - + r - F  + + + r - +  
, 4 4 4 + 4 4 4 4 4  4 4 4  d 4 4 4 4 4 4 + 4 4 4 4  4 4 - 4 4  

255 



. . . . . . . . . . . .  
000000000000 

. . . . . . . . . . .  d d d d d d o o o o o o o o  4 0 4  

. . . . . . . . . . . .  
000000000000 d d o d d d d d d d d d d ;  Ad;  

. . . . . . . . . . . .  
000000000000 

1 1 1 1 1 1 1 1 1 1 1 1  
m m m m m m m m m m m m  *****e****** 

. . . . . . . . . . . . . . . . .  
00000000~040-4-4 0-40 

1 1 1 1 1 1 1 1 1 1 1 l l  I 1 1 1  
m m m m m m m m m m m m m m  m m m  * * * * * * * * * * * * * *  * * *  . . . . . . . . . . . . . . .  
d 0 O O O O O O O O O O O O  000 

. . . . . . . . . . . .  
000000000000 

m N m m * * * N N m 4 -  
00-4000000000 
. . . . . . . . . . . .  

* *  * * * * * * * * * *  
000000000000 
000000000000 
w C O C O w W a J w c o w w w w  
- l - l4 . -4d4-4' -4#- l44-4 

* *  * * *  * * * * *  * *  * *  * * *  
00000000000000 000 
00000000000000 000 m m m m u . m m m m m m u . P m  000 
& 4 M r - l - - I d 4 ~ 4 # - l 4 - 4 4 ~  N N N  

256 



500 
4 00 TEMPERATURE=1700°F 

I 61 

I O  I I I I I 
0 0.2 0.4 0.6 0.8 I1 

X 2  

3 

a-112-  1004 

Figure 11. EFFECTS O F  PRESSURE AND GAS COMPOSITION ON 
LOW -RATE GASIFICATION O F  DISCO CHAR IN 

STEAM-HYDROGEN MIXTURES9' l 9  

/ I  0 NO PRIOR EXPOSURE TO NITROGEN 1 OR STEAM-HYDROGEN MIXTURE - 
._ 'c 0.10 
E 

I-- z z 0.08 z s 
2l 
W 0.06 

K 
D 
W 5 0.04 
1 
3 V J 
a 

0.02 

- A COAL CHAR INITIALLY DEVOLATILIZED 
IN NITROGEN, OR PARTIALLY GAS 
F E D  WITH STEAM AND HYDROGE 
IN A FLUID BE0 

TEMPERATURE RANGE 1600'-1900'F 
PRESSURE RANGE 1-70 otm 

0 .  1 4 

0 ' 0.02 0.04 0.06 0.08 0.10 0.12 
EXPERIMENTAL RATE CONSTANT, rnin-l 

I 
~ - I I Z - I O I O  

Figure 12. COMPARISON O F  EXPERIMENTAL AND CALCULATED 
RATE CONSTANTS FOR LOW-RATE GASIFICATION O F  

AIR-PRETREATED IRELAND MINE COAL CHAR IN HYDROGEN 

257 



0 NO PRIOR EXPOSURE TO NITROGEN OR 
STEAMIHYDROGEN MIXTURE - , A COAL CHAR INITIALLY DEVOLATILIZED 
IN NITROGEN, OR PARTIALLY GASIFIED 
WITH STEAM AND HYDROGEN 
IN A FLUID BED I-- 

CQ 0.08 

8 

/ O.Io - 

2 

v, z 

0 0 / 0  A 

IX 

0 
W 5 0 . 0 4 .  
J 
3 Y a 
u 0.02. RANGE : 

RANGE : 
1700.- 1800.F 
3 5 - 7 0  aim 

O l /  I I I 1 I 

0 0.02 0.04 0.06 0.08 0.10 0 

EXPERIMENTAL RATE CONSTANT, rnin-1 
A-112-IO15 

W 

5 

G 
Y a 

0.4 - 
n 
W 

1 
2 0.2- 

V 

(a) 

STEAM AND HYDROGEN 
IN A FLUID BED 

TEMPERATURE RANGE: 
1700'- I90O0F 

PRESSURE RANGE: 
35-70 aim 

0 0.2 0.4 0.6 0.8 I .o 
EXPERIMENTAL RATE CONSTANT, rnin-l 

A-112-1016 

(b ) 

2 

F i g u r e  13.  COMPARISON O F  EXPERIMENTAL AND CALCULATED 
RATE CONSTANTS FOR LOW-RATE GASIFICATION O F  

AIR-PRETREATED IRELAND MINE COAL CHAR 
I N  STEAM-HYDROGEN MIXTURES 

258 



F 

0 NO PRIOR EXPOSURE TO NITROGEN -'-I OR STEAM-HYDROGEN MIXTURE 

A COAL CHAR INITIALLY DEVOLATILIZED 
IN NITROGEN OR PARTIALLY 
GASIFIED WITH STEAM AND 
HYDROGEN IN A FLUID BED 

E 

h p 
a 

004 

TEMPERATURE RANGE 
1550*-1900'F 

a 002 
V PRESSURE RANGE 

35-70 atrn 

0 
0 002 004 0 0 6  008 010 012 

EXPERIMENTAL RATE CONSTANT, rnin-' 

A , I 2  101) 

( 4 
16 

14 - 
I 

5 
E 

I-- 

a 

12 

z 
I O  

z s 
t 

0 8  
W 

(r 

0 
W 
l- 

J 04 
3 

0.6 

a 

Y a 
02 

0 

COAL CHAR INITIALLY DEVOLATILIZED 
IN NITROGEN OR PARTIALLY GASIFIED 
WITH STEAM AND HYDROGEN IN A 
FLUID BED / 
TEMPERATURE RANGE : 

170Oe-200O0F / 

0 0 2  0 4  06 0 8  I O  I 2  14 I 6  

EXPERIMENTAL RATE CONSTANT, min-' 
.-112-1018 

( b) 
Figure 14. COMPARISON O F  EXPERIMENTAL AND CALCULATED 

RATE CONSTANTS FOR LOW -RATE GASIFICATION O F  
AIR-PRETREATED IRELAND MINE COAL CHAR LN SYNTHESIS GASES 

239  

i 



(1 

characterizing integral  gasification behavior in individual t e s t s  include coal 

char feed rate  and composition, particle residence t imes  in the reactor ,  

reactor  temperature,  p re s su re ,  feed gas  composition, and flow rate.  Fo r  

cases  where coal char containing volatile mat ter  was used a s  a feed material, 

rapid-rate methane formation and devolatilization were  assumed to occur 

in  a free-fall  space above the reaction beds employed in the systems. When 

devolatilized coal char was the feed mater ia l ,  no rapid-rate  methane forma- 

tion was considered to occur. 

carbon oxides and methane formation a r e  compared in Figures  15-19, which 

show good agreement for  a wide range of experimental conditions. 

Predicted and experimental integral  r a t e s  of 

Frequently, the P CH4/PL2 ra t io  in  product gases  f rom integral fluid-bed 
systems for  the gasification of coal  o r  coal char with steam-hydrogen con- 

taining gases  is g rea t e r  than the equilibrium constant for  the graphite- 

hydrogen-methane system. 

to a situation i n  which the coal o r  coal  char  has a thermodynamic activity 

g rea t e r  than unity with r e spec t  to  graphite. The models proposed in this 

paper offer two other explanations fo r  this phenomenon: 

formation occurs  when coal o r  coal  char  containing volatile ma t t e r  is used 

as a feed mater ia l .  

determined, independent of methane 's  partial  pressure.  Under cer ta in  con- 

ditions then, values of the ratio, P /PL2. grea te r  than that corresponding c H4 
to  the equilibrium for the graphite-hydrogen-methane system can result .  

Values of the P CH4/@H2 ratio g r e a t e r  than that corresponding to the equilibrium 

considered can a l so  occur for  low-rate gasification of coal char according to 

the model assumed in this study. This i s  i l lustrated in  Figure 20, where the 
r e su l t s  shown were  based on computations of gas yields in  a hypothetical 

fluid-bed f o r  char  gasification with a pure s team feed gas ,  using the co r re l a -  

tions described above. The r eason  fo r  the behavior i l lustrated is that, a t  

intermediate values of hydrogen partial  p re s su re ,  the r a t e  of Reaction LU, 
which produces methane, i s  g r e a t e r  than the r eve r se  r a t e  of Reaction 11 in 

which methane i s  consumed when a potential fo r  carbon deposition by this 

Th i s  has  often been interpreted a s  corresponding 

Rapid-rate methane 

The methane yield resulting f rom this  step i s  kinetically 

I 

i 
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CH4 

reaction exists.  

t ions developed are such, however, that, a t  sufficiently high hydrogen 

par t ia l  p re s su res ,  Reaction II dominates and equilibrium for th i s  reaction 

is approached. 

The par t ia l  p re s su re  dependencies defined in the cor re la -  

The qualitative t rends exhibited in Figure 20 and even the magnitudes ' 

of these t rends bea r  a striking resemblance t o  a s imi la r  plot given by 

Squires's to cor re la te  the act ivi t ies  of coals and cha r s  for  equilibrium in  

the char-hydrogen-methane sys t em with temperature  and pressure .  

I 
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SUMMARY OF NOTATION 

PH,, PHz0, Pco, Pco,, PCH4 = ~ ; ~ i a : ~ ~ e s s u r e s  of H,, H,O, CO, CO2 and 

nongasifiable ma t t e r  in  feed coal  char  (including a s h  and 
some sulfur), g /g  feed coa l  cha r  

base carbon in coal char  a t  an  intermediate gasification 
level, g/g feed coa l  char  

carbon in the fixed carbon fraction of the feed coal char  
a s  determined by a proximate analysis,$ g/g feed coa l  
char  

total carbon in the feed coal char as  determined by a n  
ultimate analysis, g/g feed coal char 

volatile carbon in feed coal, g / g  feed coal char  

relative reactivity factor for  low-rate gasification 
dependent on the particular carbonaceous solid 

relative reactivity factor for low-rate  gasification 
dependent on the particular carbonaceous solid and 
pretreatment  temperature  

relative reactivity factor for rapid-rate  methane 
formation, dependent on the par t icu lar  carbonaceous 
solid 

overall  r a t e  constant for  low-rate gasification, min-’ 

r a t e  constants, min-’ 

ra te  constants fo r  Reactions I, 11, and ILL, min-’ 

equilibrium constants for Reactions I, 11, and I11 
considering carbon a s  graphite 

concentration of species A 
base carbon 

a t  any t ime, mol/mol  

initial concentration of species A mol/mol  base carbon 
0’ 

concentration of species A, a t  any t ime, mol /mol  base 
carbon 
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t = time, min 

T = reaction temperature ,  OR 

= pre t rea tment  temperature ,  "R 
TO 

V = volatile ma t t e r  in feed coal char  (including moisture) ,  
g / g  feed coal  char  

= weight of feed coal char,  g 
w O  

AW = weight loss  of coal char during gasification, g 

X = total base carbon conversion fraction 

= base carbon conversion fract ion af ter  reaction in 
rapid-rate  methane formation stage is completed xR 

Greek Symbols 

CL = kinetic parameter ,  dependent on gas composition and 
p res su re  

B = k,(T)/k,(T) ra t io  

Y = noncarbon ma t t e r  evolved along with base carbon, 
g / g  base  carbon evolved 
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